The pure rotational spectrum of the CCAs radical in its ground electronic and spin state, X 2 ⌸ 1/2 , has been measured using Fourier transform microwave techniques in the frequency range of 12-40 GHz. This species was created in a supersonic expansion from a reaction mixture of AsCl 3 and C 2 H 2 or CH 4 diluted in high pressure argon, using a pulsed nozzle containing a dc discharge source. Three rotational transitions were measured for the main isotopologue, 12 C 12 CAs, in the ⍀ = 1 2 ladder; both lambda-doubling and arsenic ͑I=3/ 2͒ hyperfine interactions were observed in these spectra. In addition, two to four rotational transitions were recorded for the 13 C 13 CAs, 13 C 12 CAs, and 12 C 13 CAs species. In these three isotopologues, hyperfine splittings were also resolved arising from the 13 C nuclei ͑ I= 1 2 ͒ , creating complex spectral patterns. The CCAs spectra were analyzed with a case ͑a͒ Hamiltonian, and effective rotational, lambda-doubling, and arsenic and carbon-13 hyperfine constants were determined for the ⍀ = 1 2 ladder. From the effective rotational constants of the four isotopologues, an r m ͑1͒ structure has been derived with r C-C = 1.287 Å and r C-As = 1.745 Å. These bond lengths indicate that the predominant structure for arsenic dicarbide is C v C v As·, with some contributing C w C and C w As triple bond characters. The hyperfine constants established in this work indicate that about 2 / 3 of the unpaired electron density lies on the arsenic atom, with the remaining percentage on the terminal carbon. The value of the arsenic quadrupole coupling constant ͑eqQ = −202 MHz͒ suggests that the As-C bond has a mixture of covalent and ionic characters, consistent with theoretical predictions that both backbonding and electron transfer play a role in creating a linear, as opposed to a cyclic, structure for certain heteroatom dicarbides.
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I. INTRODUCTION
Compared to nitrogen and phosphorus-containing molecules, arsenic-bearing species have not attracted as much attention from spectroscopists. 1 In the field of pure rotational spectroscopy, for example, only a limited number of molecules have been characterized, such as AsF 3 , 2-4 AsCl 3 , 5 AsBr 3 , 6 AsH, 7 AsH 2 , 8, 9 AsH 3 , 10,11 CH 3 CAs, 12 and AsP, 13 using far-infrared, millimeter-wave, or microwave techniques. However, due to a rising interest in functional materials made of As-doped carbon clusters, as well as the reactivity of arsenic ylides in organic synthesis, examining the basic properties of As-bearing compounds has acquired a renewed importance. For example, calculations on numerous arseniccontaining organic species have been carried out at various levels of theory to achieve an understanding of As-C bonding, and RAsv CF 2 -type molecules have been synthesized and their reactivity experimentally investigated. [14] [15] [16] [17] Very recently, a novel arsenic-containing molecule has been produced in the gas phase and studied using electronic spectroscopy: arsenic dicarbide ͑CCAs͒, the smallest Asdoped carbon cluster. The 2 ⌬ r − X 2 ⌸ r band system of this free radical was investigated by Wei et al., 18 who were able to establish estimates of rotational constants for both the 12 C and 13 C isotopologues in the ⍀ = 1 2 ladder of the ground electronic state, X 2 ⌸ r . These authors also determined that the molecule is linear, as predicted theoretically. 18 CCAs is only the tenth main group dicarbide that has been studied by gas-phase spectroscopy and certainly warrants additional investigation. In the present paper, we present the first pure rotational study of this free radical using Fourier transform microwave ͑FTMW͒ techniques. Spectra of four isotopologues of arsenic dicarbide, CCAs, 13 C 2 As, 13 CCAs, and C 13 CAs, have been recorded in their X 2 ⌸ 1/2 electronic states; from the resulting rotational constants, the ground state geometry has been refined. In addition, hyperfine structures arising from As and 13 C nuclear spins were also resolved in the spectra, providing insight into the bonding in this radical. Here we present our data and analysis and a comparison of these results with the properties of other group V dicarbides.
II. EXPERIMENTAL
Measurements of the pure rotational spectra of the four CCAs isotopologues were conducted in the 12-40 GHz range using the FTMW spectrometer of the Ziurys group. This Balle-Flygare-type narrow-band spectrometer consists of a vacuum chamber ͑background pressure of ϳ10 −8 torr maintained by a cryopump͒ which contains a Fabry-Pérot-type cavity constructed from two spherical aluminum mirrors in a near-confocal arrangement. Antennas are embedded in each mirror for injecting and detecting microwave radiation. A supersonic jet expansion is used to introduce the sample gas, produced by a pulsed-valve nozzle ͑General Valve͒ containing a dc discharge source. In contrast to other FTMW instruments of this type, the supersonic expansion is injected into the chamber at a 40°angle relative to the mirror axis. More details regarding the instrumentation can be found in Ref. 19 . The 12 C 12 CAs radical was generated in the gas phase using the precursors AsCl 3 and unpurified acetylene. Argon at a pressure of 20 psi, seeded with 0.3% acetylene, was passed over liquid AsCl 3 ͑Aldrich, 99%͒ contained in a Pyrex U-tube, 18 and the resultant gas mixture delivered through the pulsed discharge nozzle ͑0.8 mm orifice͒ at a repetition rate of 12 Hz. The gas pulse duration was set to 500 s, which resulted in a 20-30 SCCM ͑SCCM denotes cubic centimeter per minute at STP͒ mass flow. CCAs production was maximized with a discharge of 1000 V at 50 mA. To produce 13 C 13 CAs, 0.3% H 13 C 13 CH ͑Cambridge Isotopes, 99% enrichment͒ in argon was used under the same sample conditions, while a mixture of 0.2% CH 4 and 0.2% 13 CH 4 ͑Cambridge Isotopes, 99% enrichment͒, also in argon, was employed to create C 13 CAs and 13 CCAs. The backing pressure was increased from 20 to 25 psi to optimize the C 13 CAs and 13 CCAs signals. Normally, 1000 shots per scan were taken for the CCAs and 13 C 13 CAs spectral measurements, while 2000 shots per scan were used for C 13 CAs and 13 CCAs.
Within a single gas pulse, three 150 s free induction decay signals were recorded. The Fourier transform of the time domain signals produced spectra with a 600 kHz bandwidth with 2 kHz resolution. Because of the beam orienta- 
III. RESULTS
The search for the pure rotational spectrum of CCAs in its X 2 ⌸ 1/2 state was based on the optical work of Wei et al., 18 who provided estimates of the rotational constant B, spin-orbit parameter A, and lambda-doubling constant p for two CCAs isotopologues ͑ 12 C 12 CAs and 13 C 13 CAs͒. It was assumed that the magnitude of the magnetic hyperfine splittings in CCAs resembled those of CCP, whose pure rotational spectra had been recently recorded by our group. 20 Furthermore, because arsenic ͑I=3/ 2͒ has an electric quadrupole moment, 21 unlike phosphorus ͑ I= 1 2 ͒ , the possibility of additional hyperfine interactions had to be taken into consideration.
Frequency predictions were made based on these assumptions, and the region from 31 110 to 31 430 MHz was searched to locate the J = 3.5→ 2.5 transition of the CCAs main isotopologue ͑⍀ = 1 2 spin-orbit ladder͒. The main hyperfine components in both lambda doublets in this 2 ⌸ 1/2 fine structure level were readily found within the predicted range, with a splitting of about 200 MHz. ͑The 2 ⌸ 3/2 component is 875 cm −1 higher in energy and is not expected to be populated in the free jet expansion͒. However, because arsenic has a nuclear spin of I = 3 / 2, each lambda doublet should consist of a cluster of four strong ͑⌬F=−1͒ hyperfine components, where F = J + I͑As͒. After additional searching, 14 hyperfine components were measured for the J = 3.5→ 2.5 transition, as well as for the J = 2.5→ 1.5 transition near 22 GHz, including many weaker ⌬F = 0 transitions, as shown in Table I . In addition, ten hyperfine lines of the J = 1.5→ 0.5 transition were also measured, a total of 38 individual features.
A representative spectrum of CCAs measured with the FTMW system is given in Fig. 1 . Here the strongest hyperfine components of the J = 3.5→ 2.5 transition near 31 GHz of the 2 ⌸ 1/2 substate are shown: the F = 5 → 4 lines arising from the two lambda doublets, indicated by e and f, as well as the F = 4 → 3 transition in the e doublet. Each feature is composed of two Doppler components. A few weak, contaminating lines arising from the image bandpass are also present. 19 There is a frequency break in the spectrum in order to display both lambda doublets.
For the 13 C doubly substituted species, 13 C 13 CAs, the search was aided by frequency predictions made on the basis of the data of Wei et al., 18 the As hyperfine constants of the main isotopologue, and the 13 C hyperfine constants of 13 C 13 CP. A case a ␤J coupling scheme was assumed for this species:
A larger interaction from C ␣ was expected than from C ␤ , based on results for the CCP radical. The resulting spectral pattern was much more complicated in this case. Four successive rotational transitions of 13 C 13 CAs with a total of 143 hyperfine components ͑⌬F=0, Ϯ 1͒ were measured in the range of 12-38 GHz, from J = 1.5→ 0.5 to J = 4.5→ 3.5, as shown in Table II .
Figure 2 presents a typical spectrum of 13 C 13 CAs showing the eight strongest hyperfine components of the e parity lambda doublet of the J = 3.5→ 2.5 transition near 29 GHz. A frequency break appears in the spectrum to display the complete pattern. The single F = 5 → 4 and F = 4 → 3 features from Fig. 1 for the e doublet of CCAs are now each split into four components, resulting from the hyperfine interactions of the two 13 C nuclei. Doublets are first generated by 13 C ␣ , labeled by F 2 , and then each line is further split by C ␤ into two lines, labeled by F. From the figure it is apparent that the splitting from 13 C ␣ is about 4 -5 MHz, much wider than that generated by the coupling of the 13 C ␤ nucleus, which is about 1 MHz. Further experiments with the singly substituted 13 C species confirmed these hyperfine assignments. Additional measurements were conducted for 13 CCAs and C 13 CAs in order to establish a more precise geometry. Here the coupling scheme is F 1 = J + I 1 ͑As͒ and
The hyperfine analysis of 13 C 13 CAs aided in the search for these two isotopologues. As shown in Table III , between 21 and 40 GHz, three rotational transitions of C 13 CAs were recorded, and two were measured for 13 CCAs, each consisting of 10-14 hyperfine components. In total, 34 lines were obtained for C 13 CAs, while only 24 features were recorded for 13 CCAs. Line contamination from other unknown molecules, as well as a less efficient synthetic method, makes the study of these two species more difficult.
Representative spectra of the J = 3.5→ 2.5 transition of 13 CCAs ͑lower panel͒ and C 13 CAs ͑upper panel͒ are displayed in Fig. 3 . For both isotopologues, the four strongest hyperfine components of the e parity lambda doublet are shown, in contrast to the eight components in Fig. 2 . A frequency break is necessary in the case of 13 CCAs to show the four hyperfine features ͑see lower panel͒, but not for CAs in its electronic ground state, X 2 ⌸ 1/2 , near 31 GHz, composed of lambda doublets, indicated by e and f, as well as the hyperfine structure arising from the nuclear spin of As͑I=3/ 2͒, labeled by the F quantum number. The Doppler doublets are indicated for each component, and there is a frequency break in the data. The spectrum was created by combining 20 successive scans, with 1000 shots per scan and 20 psi ͑138 kPa͒ backing pressure with 20 SCCM gas flow. 13 C nucleus, C ␣ , clearly has a stronger interaction with the unpaired electron in this radical, generating a splitting about a factor of 2 larger than the middle C ␤ carbon, a situation also found for the CCP radical. 20 It is obvious that the S / N ratio of the two 13 C singly substituted species is not as good as that of the other two isotopologues. Production of arsenic dicarbide from methane does not appear to be as favorable as from acetylene.
IV. ANALYSIS
The data from the four CCAs isotopologues were analyzed by using the nonlinear least squares routine SPFIT ͑Ref. 22͒ with the following Hund's case ͑a͒ effective Hamiltonian:
The terms in the Hamiltonian are nuclear rotation, electron spin-orbit coupling, lambda-doubling, magnetic and electric quadrupole hyperfine, and nuclear spin-rotation interactions, respectively. The individual isotopologues were analyzed separately. In order to fit the FTMW data, which only included transitions in the ⍀ = 1 2 ladder, the spin-orbit constant A was fixed in all cases to the value of 857.4 cm −1 from Wei et al. 18 All other parameters were allowed to float in the fit. Because measurements of a single spin-orbit ladder were involved
͒ , only the p lambda-doubling constant was determined; it was assumed that the lambda-doubling q constant was negligible, as in the case of CCP, 20 i.e., p +2q ϳ p. A centrifugal distortion correction to p, p D , was also used in the fit. Furthermore, only the case ͑c͒ hyperfine constants h 1/2 , h 1/2D , and d could be determined for each atom with a nuclear spin. The parameter h 1/2D is the centrifugal distortion correction to h 1/2 = a − ͑b + c͒ / 2 and d is the parity-dependent hyperfine term. Due to data set limitations, the h 1/2D parameter for both 13 CCAs and C 13 CAs was fixed to the value derived from the analysis of 13 C 13 CAs. The As hyperfine constants of the four isotopologues thus determined are in excellent agreement with each other. Moreover, the 13 C hyperfine constants from 13 CCAs and C 13 CAs are virtually identical to those of 13 C 13 CAs. The nuclear spin-rotation term C 1 could only be determined for the arsenic atom, as attempts to fit this constant for other nuclei within their 3 uncertainties were not successful.
The spectroscopic constants from the analysis are listed in Table IV . The rms values for the CCAs and 13 C 13 CAs fits are 2 -3 kHz while those for 13 C 12 CAs and 12 C 13 CAs are about 4 kHz. The rotational constants of the two main isotopic species agree with those of Wei et al. 18 to within 0.2%; for the lambda-doubling constant p, there is about a 10% agreement.
V. DISCUSSION
From the rotational constants established in this work for the four isotopologues, an improved structure for CCAs has been derived. The resulting bond lengths are listed in Table  V . Several structures were determined for this linear species: r 0 , r s , and r m ͑1͒ . The r 0 bond lengths were obtained directly from a least squares fit to the moments of inertia, while the r s substitution structure was calculated using Kraitchman's equations, which account in part for zero-point vibrational effects. 23 The r m ͑1͒ bond lengths were derived by the method developed by Watson 24 and are believed to be closer to the equilibrium structure than the r s or r 0 geometries. ͑The Watson r m ͑2͒ structure would be optimal, but could not be calculated because no isotopic substitution is possible for the As atom.͒ As the table shows, the r m ͑1͒ C-C bond length is 1.287 Å, almost identical to that in CCP, while the C-As r m ͑1͒ distance is 1.745 Å. ͑All three structures actually agree to within 0.5%.͒ The difference between the C-P and the C-As bond lengths is about 0.12 Å primarily due to the greater atomic radius of arsenic. The theoretical value of the C-C bond length in CCAs, r C-C = 1.2933 Å, calculated with density functional methods at the B3LYP/aug-cc-pVTZ 18 is in reasonable agreement, as well as r C-As = 1.7341 Å, determined from the laser-induced fluorescence ͑LIF͒ experiments of Wei et al. 18 Table V also summarizes the C-As and C-C bond lengths of other relevant molecules. 15, 17, 18, 20, [25] [26] [27] [28] [29] The ethylene C-C bond length of 1.339 Å is representative for a C v C double bond, while the acetylene C-C bond length, 1.202 Å, is typical of a C w C triple bond. Our experimental C-C bond distance of 1.287 Å for CCAs falls almost midway between the double and triple bond values. Based on other known molecules ͑see Table V͒, C-As single, double, and triple bond lengths are about 1.98, 1.80, and 1.65 Å, respectively. Our value of r C-As = 1.745 Å indicates a predominantly double bond but with some triple bond character as well. We conclude that arsenic dicarbide has three contributing resonance structures, with the first being dominant: C v C v As·, ·C-Cw As and C w C-As·. These conclusions are consistent with the hyperfine constants, as discussed later, and mimic the structure found for CCP. 20 There is a significant increase in the lambda-doubling parameter p in CCAs relative to CCP, 188.9 versus 50.0 MHz, assuming q is negligible. Because p is proportional to the product of A ϫ B, 30 the increase in this parameter for CCAs can be accounted for by the larger A value ͑875 versus 140 cm −1 ͒. In fact, the ratio of p parameters for these two molecules almost scales directly as the product AB. In the limit of the pure precession approximation, this result would suggest that the nearby perturbing ⌺ state lies at similar energies above the 2 ⌸ ground state in both molecules. 18, 31 The values of the magnetic hyperfine constants vary from nucleus to nucleus in CCAs, following the same pattern as in CCP. Both h 1/2 and d are considerably larger for the arsenic nucleus, as opposed to the two 13 
͑2͒
Here g S is the electron spin g factor and B and N the Bohr and nuclear magnetons, and the summation is over all unpaired electrons. 30 The electron configuration for CCAs is postulated to be ͑core͒12 2 5 1 , and thus only one electron needs to be considered. 18 Using the d constants for 12 C 12 CAs and 13 C 13 CAs, and the expectation value of ͗sin 2 ͘ =4/ 5 for a p electron, 34 comparison of the molecular versus atomic values 35 of g s B g N N ͗r −3 ͘ yields the following spin densities for C ␣ C ␤ As: 30.2% on C ␣ , 1.9% on C ␤ , and 67.2% on As. Clearly the bulk of the unpaired electron density is on the arsenic nucleus, with a significant amount on the terminal carbon. The middle carbon carries very little of the total density. These results are consistent with the proposed resonance structures for this molecule.
To date, three group V dicarbides, CCN, 32 CCP, 20 and CCAs, have been characterized by microwave spectroscopy. The relative values of the hyperfine d constant for the heteroatom for all three species are available and can therefore be compared to examine trends within this group. The d parameters are listed in Table VI , as well as their associated spin densities. CCN has 30% of the spin density on the nitrogen nucleus, as compared to 57.5% for phosphorus in CCP and 67.2% for arsenic in CCAs. It is obvious that from CCN to CCAs, the unpaired electron density shifts to the terminal heteroatom, presumably at the expense of the terminal carbon. Note that for CCP, the spin densities on the carbon nuclei are 33.3% for 13 C ␣ and 0.8% for 13 C ␤ , as opposed to 30.2% and 1.9% for the arsenic analog. Thus, the contribution of the C v C v X· and C w C-X · structures increases down the Periodic Table, while nitrogen prefers ·C-Cw N with the electron on the terminal carbon. The effect probably arises from the fact that the valence orbitals are more diffuse on phosphorus and even more so for arsenic; nitrogen forms bonds that are more directional and can make a true triple bond. Furthermore, nitrogen is substantially more electronegative than the other two atoms, favoring a closed valence shell.
The quadrupole coupling constants eQq for the isotopologues of arsenic dicarbide are uniformly near −202 MHz. This constant can be compared to eQq 410 of atomic arsenic ͓−433 MHz ͑Ref. 13͔͒ to estimate the degree of ionic character using the Townes Dailey model, 30 namely,
where x is the percent ionic character. Use of this equation suggests that CCAs is about 53% ionic in its bonding. In the case of CCN, eQq was determined to be −4.8 MHz, while eQq 210 is −10 MHz ͑Ref. 23͒ for the free atom, yielding an almost identical degree of ionic character. The relative ionic/covalent bonding contributions for CCAs and CCN are consistent with theoretical predictions of dicarbide structures. Largo et al. 36 have suggested that the main group dicarbides form a T-shaped structure if they are highly ionic. This geometry is a result of charge transfer from the electropositive heteroatom ͑e.g., Na, Al, Mg, Si͒ to the C-C group. The linear structure is preferred for more electronegative elements such as N, P, and As. In these cases, backbonding from the 1 u orbital of the C 2 moiety to the atomic unfilled 4p orbital of the heteroatom occurs, relevant to the C w C-X · structure. In addition, charge transfer from the partly occupied 4p orbital ͑C v C v X · ͒to the 1 g antibonding orbital in C 2 can also occur. Such structures suggest a mix of covalent and ionic bonding in CCX linear species, as indicated by the quadrupole constant.
VI. CONCLUSION
Determining the geometries and electronic properties of heteroatom dicarbide species remains a challenge for spectroscopists and theoreticians alike. In this work we have better characterized the CCAs molecule using pure rotational spectroscopy. This species was found to be similar in structure and bonding to CCP, but both molecules differ considerably from CCN. Backbonding and charge transfer involving the orbitals of the CC moiety and the p orbital of the electronegative heteroatom appear to dictate the linear structures in CCP and CCAs. The linear geometry in CCN is more likely a result of a strong triple bond between the C and N atoms. Studies of additional heteroatom dicarbides would be quite enlightening in establishing the nature of the bonding in these model carbon cluster systems. 
